Outer membrane vesicles (OMVs) of Gram-negative bacteria have been studied intensively in recent years, primarily in their role in delivering virulence factors and antigens during pathogenesis. However, the near ubiquity of their production suggests that they may play other roles, such as responding to envelope stress or trafficking various cargoes to prevent dilution or degradation by other bacterial species. Here we show that OMVs produced by Xylella fastidiosa, a xylem-colonizing plant pathogenic bacterium, block its interaction with various surfaces such as the walls of xylem vessels in host plants. The release of OMVs was suppressed by the diffusible signal factor-dependent quorum-sensing system, and a X. fastidiosa ΔrpfF mutant in which quorum signaling was disrupted was both much more virulent to plants and less adhesive to glass and plant surfaces than the WT strain. The higher virulence of the ΔrpfF mutant was associated with fivefold higher numbers of OMVs recovered from xylem sap of infected plants. The frequency of attachment of X. fastidiosa to xylem vessels was 20-fold lower in the presence of OMVs than in their absence. OMV production thus is a strategy used by X. fastidiosa cells to adjust attachment to surfaces in its transition from adhesive cells capable of insect transmission to an "exploratory" lifestyle for systemic spread within the plant host which would be hindered by attachment. OMV production may contribute to the movement of other bacteria in porous environments by similarly reducing their contact with environmental constituents.
phytopathogen | Pierce disease | XadA | antiadhesiveness M any important plant diseases such as Pierce disease of grapes and citrus variegated chlorosis (CVC) are associated with the xylem-limited bacteria Xylella fastidiosa (1). Infected plants exhibit progressive leaf scorching or other foliar symptoms consistent with the water stress that is associated with the occlusion of large numbers of xylem vessels by bacterial cells or by tyloses that are induced by the presence of bacteria within vessels (2) (3) (4) . The virulence of X. fastidiosa is associated with its ability to migrate widely and proliferate within xylem vessels after its spatially limited introduction by infested sharpshooter vectors during feeding (5) . Disease symptoms may be largely an inadvertent effect caused by successful colonization that causes interference with xylem sap flow (6) . Cells of X. fastidiosa colonize specific areas of the foreguts of insect vectors, where they multiply and form a biofilm, being firmly attached to the foregut cuticular lining to endure the high fluid flow during sap feeding (7, 8) . This turbulent environment may lead to occasional detachment of cells, allowing pathogen inoculation into plants (9) . Thus, insect colonization and transmission of X. fastidiosa depends on its ability to attach to the insect's foregut.
X. fastidiosa uses diffusible signaling factors (XfDSF), a family of related unsaturated fatty acids, to regulate its behavior in a cell density-dependent manner (10, 11) . XfDSF-mediated signaling suppresses motility and stimulates the production of cell-surface adhesins, thus increasing cell aggregation, surface attachment, and biofilm formation (10, (12) (13) (14) . A ΔrpfF mutant of X. fastidiosa, blocked in the production of XfDSF, is hypervirulent to grapevine but is impaired in insect colonization and transmission (11, 12, 15) . The accumulation of diffusible signaling factors (DSF) with increasing cell concentration increases the adhesiveness of the cells, presumably better to enable their acquisition by insect vectors, but reduces their ability to move and multiply within plants. These observations support the hypothesis that XfDSF signaling is used in a context-dependent lifestyle switch that enables a subset of the bacterial cells in a plant to become more adhesive, and thus able to be acquired by insects, by inducing a phenotype incompatible with the movement of the more solitary cells throughout the plant (6) .
A recent study (16) indicated that an extracellular factor produced by X. fastidiosa attenuated its ability to adhere to surfaces. This extracellular factor, produced by the WT strain and in greater amounts by the ΔrpfF mutant during both plant colonization and growth in broth culture, suppressed transmission by insect vectors and blocked adhesion of X. fastidiosa cells to various surfaces.
Although the nature of this antiadhesive extracellular factor was unclear, it seemed likely that it could be one or more of the surface components overreleased by the ΔrpfF mutant, perhaps related to outer membrane (OM) proteins, because at least 11 OM protein-encoding genes are up-regulated in the ΔrpfF mutant as compared with the WT strain (14) . X. fastidiosa OM proteins such as hemagglutinin-like proteins and the autotransporter XatA have been shown to be localized not only in the OM but also extracellularly, both as soluble proteins or in outer membrane vesicles (OMVs) (17, 18) .
OMVs are spheroid particles ranging in size from ca. 20 to 250 nm that are produced through the blebbing and pinching off of portions of the OM from all Gram-negative bacteria investigated to date (19) (20) (21) (22) . OMVs contain integral OM proteins embedded within the glycerophospholipid-LPS double layer along with OM-anchored lipoproteins and entrapped soluble periplasmic
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The authors declare no conflict of interest. proteins (20, 22) . OMVs from certain bacteria contain a variety of virulence factors and antigens and thus participate in pathogenesis (23) (24) (25) (26) . Other functions assigned to OMVs include modulating the immune response (27) , trafficking of degradative enzymes against competing bacterial species (28, 29) , delivering cargoes to benefit complex microbial communities (30) , serving as a response to envelope stress (22, 31) , and perhaps even acting as decoys for predators such as viruses (32) .
In this study, we demonstrate that X. fastidiosa is a particularly active producer of OMVs that, in turn, are an extracellular antiadhesive factor in this species. Using immunoassays against XadA1, an OM protein found to be solely present in the OM and in OMVs, nanoparticle-tracking analysis (NTA), and fluorescence and electron microscopy, we show that the production of OMVs is suppressed by DSF-mediated quorum sensing in X. fastidiosa both in vitro and within the host plant. We propose that secretion of OMVs by X. fastidiosa cells participates in a strategy to adjust its adhesiveness to surfaces when transitioning from a biofilm-forming stage capable of being vectored to a nonadhesive "exploratory" lifestyle for spreading in xylem vessels. Such a novel function of OMVs might contribute to the behavior of other species in which such planktonic/sessile transitions are necessary.
Results

X. fastidiosa Releases Large Numbers of OMVs in Vitro.
Scanning electron microscopy images of cultures of X. fastidiosa revealed the presence of OMV-like nanoparticles attached to cells as well as unattached particles in samples of planktonic cells ( Fig. 1 A-C) or cells that had attached to glass surfaces in PD3 (complex medium) broth cultures (Fig. 1D) . The particles usually were rather small, less than 30% the diameter of the bacterial cell. Deconvolution microscopy images of X. fastidiosa cells recovered from broth cultures and stained with both DAPI and FM4-64 revealed the presence of DNA-containing cells that were stained with both materials (Fig. 1 E and F) as well as nanoparticles that were assumed to be OMVs because they were stained only with FM4-64. Although some nanoparticles were attached to cells of X. fastidiosa, others were unattached (Fig. 1F) . Such particles were conspicuous in any given image, suggesting that the X. fastidiosa WT strain releases numerous OMVs to the environment.
The number of OMVs produced by bacterial cells in broth cultures was estimated using NTA. X. fastidiosa WT cells grown in PD3 or PIM6 [a minimal medium developed in the laboratory of Michele Igo, University of California, Davis, CA (10)] broth were removed by low-speed centrifugation, and the OMV concentration in the extracellular medium was determined. The particles released by X. fastidiosa ranged in size from 20 to 400 nm, and sizes were described by a normal distribution with a mean of 110 nm as illustrated in Fig. S1 . As seen in other bacterial species (20, 33) , the composition of the culture medium clearly affects the production of OMVs by X. fastidiosa. Although the WT X. fastidiosa strain produced 51 ± 20 OMVs per cell in PD3 medium, only 7 ± 1 OMVs/cells were produced in PIM6 broth (Table 1) . Escherichia coli, Xanthomonas citri, and Pseudomonas aeruginosa produced three-to 10-fold fewer OMVs per cell than X. fastidiosa under the conditions tested (Table 1) . Thus, in comparison with model bacteria commonly used in studies of OMVs, X. fastidiosa produces and releases many more such particles.
To investigate further the production of OMVs by X. fastidiosa, we assessed the subcellular localization of XadA1, a trimeric autotransporter adhesin predicted to be localized to the OM (34) . Previous work had demonstrated that XadA1 is present not only on the surface of the 9a5c CVC strain of X. fastidiosa but also away from bacterial cells in biofilms formed in vitro and in infected plant tissue (35) . As shown in Fig. 2A , the anti-XadA1 antibody raised against XadA1 from the CVC strain (35) also recognized the native XadA1 of the Temecula1 strain of X. fastidiosa used here. Western blot analysis revealed that XadA1 was localized in similar amounts in cell lysates and in the cell-free culture supernatant ( Fig. 2B and Fig. S2A ). As expected, no XadA1 was detected in cell lysates of a ΔxadA1 mutant ( Fig.  2A and Fig. S2A ). However, a slightly smaller cross-reacting polypeptide was present in cell lysates of both the WT strain and ΔxadA1 mutant ( Fig. 2A and Fig. S2A ). The cross-reacting polypeptide was present only in the total cell lysate fractions and was used as a cell marker per se and thus as a measure for fractionation quality. As expected, cell-associated XadA1 is found in the OM protein fraction (Fig. S2B ). Because XadA1 from both the cellular and cell-free fractions exhibited similar electrophoretic mobility, it apparently is not cleaved during the release process from the cell (Fig. S2B) .
To determine whether XadA1 is secreted as a free protein and/ or is associated with OMVs, the cell-free culture supernatant was fractionated further by differential centrifugation. As shown in Fig. 2B , extracellular XadA1 was not removed from culture supernatants by low-speed (38,000 × g) centrifugation but was recovered in the pellet by subsequent high-speed (150,000 × g) centrifugation, indicating that it is associated with particles such as OMVs and is not present as a free soluble protein. The high-speed pellet prepared from X. fastidiosa broth cultures has been demonstrated previously to be enriched in hemagglutinin-like adhesins and the autotransporter XatA (17, 18) , but the full protein composition of such OMVs remains unknown.
Additional evidence that XadA1 is localized both in the cell envelope and in OMVs was obtained by immunofluorescence localization using deconvolution microscopy of cell preparations treated with polyclonal anti-XadA1 followed by fluorescently labeled secondary antibody and DAPI staining. As shown in Fig.  2C , large amounts of XadA1 surround cells, presumably in OMVs, in addition to that associated with the surface of cells (stained with DAPI). Therefore XadA1 was used as a marker for OMVs produced by X. fastidiosa. As might be expected, OMVs could be detected more readily using anti-XadA1 antibodies than by FM4-64 staining (compare Figs. 1F and 2C).
X. fastidiosa ΔrpfF Strain Overproduces OMVs in Vitro and in Planta.
X. fastidiosa mutant strains were scored for the enhanced ability to release XadA1 as an indication of hypervesiculation. Although ΔrpfF mutants express lower levels of XadA1 ( Fig. S3A ) and xadA1 transcript (Fig. S3B ) than the WT strain, the mutants release a much higher proportion of this protein into the culture supernatant than does the WT strain (Fig. S3A ). Given that this marker for OMVs was preferentially shed by the ΔrpfF mutant, it seemed likely that the ΔrpfF mutant would release more OMVs than the WT strain. The number of OMVs released into the extracellular medium by the ΔrpfF mutant grown in PD3 or PIM6 medium as assessed by NTA was about threefold higher than the number released by the WT strain, regardless of the growth medium (Table 1) . Although much more numerous, the secreted by the ΔrpfF mutant were similar in size to those secreted by the WT strain, exhibiting a normal distribution of sizes with a median size of about 110 nm (Fig. 3A) . Estimates of the number of relatively large FM4-64-stained OMVs that could be visualized by deconvolution microscopy also revealed that the ΔrpfF mutant produced higher amounts of such particles: 0.24 ± 0.11 and 1.35 ± 0.87 OMVs per cell (P = 0.02) were produced by the WT and ΔrpfF mutant, respectively (Fig. 3B) . These numbers are consistent with the relatively small fraction of large (>200 nm) particles present in the OMV population in culture supernatants observed by NTA (Fig. 3A) .
To assess if OMVs were produced by X. fastidiosa in planta, we quantified XadA1 abundance in xylem sap recovered from grape plants infected with either the WT or the ΔrpfF mutant strains. Much more XadA1 was detected in xylem sap of plants infected with the ΔrpfF mutant than from the sap of plants infected with the WT strain (Fig. 3C ). As expected, no XadA1 was detected in sap from plants infected with the ΔxadA1 strain or the uninfected control (Fig. 3C) . Importantly, XadA1 was detected readily in sap from plants infected with the ΔrpfF mutant from which cells of the pathogen had been removed by filtration through a 0.2-μm filter, suggesting that OMVs are abundant in xylem sap of infected plants. As measured by NTA, filtered xylem sap recovered from plants infected with the ΔrpfF mutant contained fivefold more particles assumed to be OMVs than did sap from plants infected with the WT strain (Fig. 3D ). Very few particles were detected in sap from uninfected plants. Clearly, large numbers of OMVs are produced by X. fastidiosa in planta, and the concentration of such particles in plants infected with the ΔrpfF mutant is particularly high. Because the WT and particularly the ΔrpfF mutant release an antiadhesive factor into both culture medium and the xylem of infected plants (16), we posit that OMVs are the agent that blocks attachment of X. fastidiosa to surfaces.
OMVs Impair X. fastidiosa Attachment to Surfaces Under Steady and Flow Conditions. To determine the effects of OMVs on the attachment of X. fastidiosa, we tested the ability of the WT strain to attach to various surfaces in the presence and absence of OMVs isolated from either the WT or the ΔrpfF strain. Because OMVs are stable in suspension (36, 37) , it was possible to conduct a variety of in vitro assays. We first performed these assays on a glass surface using pure or crude OMV samples. OMVs present in culture supernatants or more purified OMV preparations recovered from culture supernatants by ultracentrifugation were applied to glass coverslips before the addition of WT cells. Deconvolution microscopy of the treated surfaces that were stained by FM4-64 revealed that the OMVs had attached to the glass surfaces (Fig. 4 A-C). Because OMVs from comparable numbers of X. fastidiosa cells had been applied, this approach did not show whether the more abundant binding of OMVs from the ΔrpfF mutant reflected qualitative differences in their adhesiveness or merely the large number of OMVs in preparations from this mutant; however, the results of NTA analysis supported the latter supposition. Application of OMVs to glass surfaces resulted in dramatic differences in the pattern of attachment of X. fastidiosa WT cells as compared with their attachment on noncoated glass surfaces. The cells were evenly distributed and attached individually to the noncoated surface (Fig. 4D ), but attachment occurred at only a few sites on the coated surfaces, and most cells attached at those sites formed discrete aggregates (Fig. 4E) . Compared with the noncoated surfaces, much less cell attachment to the OMV-coated surfaces was observed after 1 h of incubation. Deconvolution microscopy revealed that cells attached primarily at those few sites in which OMVs were not present on the treated glass surfaces (Fig. 4E) . The antiadhesive effect was equally pronounced when purified OMVs or culture supernatants containing OMVs were applied to glass surfaces (Fig. 4F) . Again, perhaps because OMVs were more Differences between WT and ΔrpfF mutant were determined to be statistically significant with P < 0.05 in two-tailed homoscedastic t tests.
abundant in the preparations from a given number of cells of the ΔrpfF mutant than in preparations from the same number of cells of the WT strain (Fig. 3) , the attachment of X. fastidiosa cells was suppressed more by OMV preparations from the mutant strain (Fig. 4F) . Together, these observations indicate that OMVs reduce the accessibility of cells to the glass surface, perhaps by competing with cells for attachment sites.
Because the antiadhesive factors present in culture supernatants of X. fastidiosa originally had been observed to block adhesion to chitinaceous surfaces such as the wings of glassy-winged sharpshooter (Homalodisca vitripennis) (16), we assessed the ability of purified OMVs to interfere with adhesion of WT X. fastidiosa on this substrate. Treatment of insect wings with purified OMVs from a ΔrpfF mutant reduced the attachment of WT cells by threefold as compared with that of cells suspended in medium alone (Fig.  5A) . It thus appears that OMVs produced by X. fastidiosa can account for the reduced retention and transmission of this pathogen by insect vectors that acquire the pathogen either from laboratory cultures or from the sap of infected plants, especially plants colonized by the ΔrpfF mutant (16).
Although OMVs appear to be capable of blocking the adhesion of X. fastidiosa to insect vectors, this blocking would appear to be an inadvertent function that would not benefit the pathogen, because adhesion to the vectors is needed for the successful retention of the pathogen during the insect's feeding on infected plants. Instead, the ability to move extensively along and between xylem vessels after inoculation would favor the development of large population sizes and better enable acquisition of the pathogen by insect vectors. Adhesion of X. fastidiosa to xylem vessels would constrain the virulence of the pathogen. It would be expected, therefore, that OMVs would contribute to the virulence of X. fastidiosa by blocking its adhesion to xylem vessels and thus enabling its active and passive movement through the plant. This notion was verified by determining the ability of OMVs to interfere with adhesion of X. fastidiosa cells to xylem vessels by introducing cells together with OMV preparations into microfluidic chambers and grape stem segments and comparing the number of cells retained after flushing events. In the first approach, cells were monitored individually for surface attachment under increasing flow speeds within channels with a cross-section of 5,000 μm similar to a xylem vessel with a diameter of 80 μm. Preincubation of WT cells with pure OMV preparations causes more cells to be detached and washed downstream at any given flow speed above 10 mm/s (Fig. 5B) . In the other approach, the fraction of cells introduced together with OMVs into stem segments that were retained after flushing was about was 30-fold lower than observed in cells introduced with buffer alone (Fig. 5C) .
OMVs strongly blocked the adhesion of X. fastidiosa cells to xylem vessels, regardless of the fluid in which they were cointroduced into the plant. For example, cell attachment was reduced more than fourfold when introduced with an OMV preparation suspended in PIM6 medium as compared with introduction in PIM6 medium alone (Fig. S4A) . Furthermore, particulate material, presumably OMVs, was sufficient to account for the blocking of the attachment of cells to xylem vessels. As shown in Fig. S5 , approximately a 30-fold higher fraction of X. fastidiosa cells had attached to xylem vessels when they were introduced in cell-free culture supernatants in which OMVs had been removed by ultracentrifugation as compared with cells introduced together with OMVs suspended in PIM6 medium. The presence of OMVs thus is sufficient to explain the blocking of attachment of X. fastidiosa to plant surfaces.
The strong blockage of X. fastidiosa attachment to xylem vessels when introduced together with OMVs might have been caused by the binding of OMVs to the cells of the pathogen or to the plant surface. To distinguish between these possibilities, purified OMVs were introduced into grape stem segments and allowed to interact with the plant tissue for 1 h; then the xylem vessels were flushed with buffer to remove excess OMVs before the X. fastidiosa cells were introduced. As was seen when cells were coincubated with OMVs, the fraction of cells retained in stem segments that were pretreated with buffer alone was 18-fold higher than the fraction retained in xylem vessels in which OMVs had been introduced before the bacterial cells (Fig. 5C ). These results support the model in which OMVs bind to sites on the plant where cells of X. fastidiosa might preferentially have bound. Apparently X. fastidiosa cells bind to OMVs less efficiently than to the surfaces to which OMVs had bound, and these particles therefore interfere with adhesion by blocking sites at which the pathogen might attach.
Discussion
It is recognized that bacteria can modify the surfaces of the local habitat in which they reside by secreting extracellular molecules. Examples of such habitat modification include the production of extracellular polysaccharides that protect cells from predators and from some toxicants to which they might otherwise be exposed and that also retain water (38, 39) . Likewise, secreted biosurfactants can modulate bacterial motility and modify the chemical environment (40) . The work reported here suggests that OMVs also can strongly influence the interaction of bacteria with surfaces. This finding further expands the growing recognition of the many possible roles of OMVs. They not only are carriers of specific cargo or merely a way to shed OM components (20-22, 30, 41) ; they also can play important roles in the interactions that occur between the cell and its surrounding environment. Although previous work had suggested that X. fastidiosa, like other Gram-negative bacteria, could secrete various surface proteins in insoluble forms (17, 18) , the characteristics of the OMVs that appear to be the reservoir of such proteins had not been described previously. It is possible that the OMVs of X. fastidiosa might have still other functions, such as in transporting various proteinaceous and other cargoes, serving as decoys for predators such as viruses, and perhaps even transporting DSF signal molecules, as they do in certain other taxa (32, 42) . The strong effect of these OMVs in blocking the attachment of the producing cells suggests that they have evolved for this function. Although this property has not been described previously for the OMVs produced by other taxa, it seems possible that such a trait might be beneficial to at least some of the species capable of producing OMVs. For example, bacterial motility generally is quite restricted in soils because of the strong retention of cells within soil particle pores and the strong interaction of cells with the inorganic components of the soil matrix (43, 44) . The mobility of soil-borne bacteria might be enhanced by their production of OMVs with properties similar to those produced by X. fastidiosa that could minimize interactions with soil components. Likewise, rhizosphere bacteria are known to move along the surface of roots (45) . Thus, it is possible that their production of OMVs could be modulated to facilitate movement along the roots by interfering with their attachment to the root surface. Although only a few studies have investigated the production of OMVs produced by plant-associated bacteria (17, 18, 46, 47) , it seems likely that many such taxa might use OMVs not only to deliver virulence factors but possibly also to modulate attachment to plants and other aspects of such interactions. It is even possible that the development of bacterial biofilms on surfaces could be influenced by the liberation of OMVs. Bacteria might exploit appropriate the temporal or spatial patterns of OMV release to alter attachment to surfaces or even to create the complex 3D structures typical of many biofilms (48) . Clearly, more studies are needed to determine better how commonly OMVs that have the antiadhesive properties exhibited by X. fastidiosa's OMVs are made by bacteria and the contexts in which such particles would play a role in the bacterium's lifestyle.
DSF-mediated signaling, linked to modulation of the levels of the intracellular signal cyclic di-GMP, strongly controls the production of OMVs in X. fastidiosa. Perhaps it is not surprising that cyclic di-GMP signaling is linked to vesiculation in X. fastidiosa, because this signaling system generally controls surface features of bacteria (49) . DSF-mediated signaling controls a large number of genes in X. fastidiosa; the expression of more than 20% of its genes, including 11 transcriptional regulators, is altered in a ΔrpfF mutant, (14) . Interestingly, at least 11 genes encoding OM-associated proteins were up-regulated in a ΔrpfF mutant. Thus, enhanced OMV release in this mutant might result from an imbalance in the content of specific envelope proteins. It has been reported that a lack of specific OM proteins in Salmonella typhimurium and Vibrio cholerae triggers the shedding of large numbers of OMVs (50, 51) .
It is clear that OMV production is a highly regulated process (22, 41, 52, 53) . Several factors that increase vesiculation in other Gram-negative bacteria have been reported (20, 22) , but the molecular mechanisms of OMV biogenesis have not been fully deciphered. For instance, deletion of DegP, a periplasmic protease/chaperone that controls envelope stress caused by the presence of misfolded proteins, results in a hypervesiculation phenotype (31, 54) . Moreover, disruption of connections between the outer and inner membranes and the peptidoglycan increases OMV production (33, 41, 50, 55, 56) . Although X. fastidiosa harbors a degP ortholog (PD0231/XF0285) that is up-regulated upon heat shock (57), its expression does not appear to be RpfF-dependent (14) .
The strong DSF-dependent production of OMVs by X. fastidiosa can be explained readily by considering the context-dependent behaviors necessary for such a bacterium to colonize successfully both plants and insect vectors-processes that require apparently incompatible traits. Retention of X. fastidiosa cells in the mouth parts of insect vectors that ingest large volumes of xylem sap through a narrow orifice would require the bacterium to be quite adhesive so as to be retained in a channel with such rapid and turbulent liquid flow (8, 9) . DSF-mediated induction of a variety of cell-surface adhesins such as HxfA in those X. fastidiosa cells present in relatively large numbers in xylem vessels would enhance their opportunities to be retained by insects during feeding. However, such adhesive cells might be expected to bind to plant surfaces, thereby hindering their movement along and between xylem vessels. The apparent suppression of OMV production in X. fastidiosa cells experiencing high levels of DSF suggests that those more solitary cells, in which DSF levels should be relatively low, should produce relatively large numbers of OMVs that, in turn, would inhibit the binding of the pathogen to plant surfaces (Fig. 6) . Conversely, cells present in relatively high local concentrations in which DSF levels would be elevated would shed few OMVs, and adhesins induced by DSF would be present on the cell surface, thereby facilitating the direct binding of cells to insect vectors. Such a strategy of DSF-regulated production would allow spatially separated release of OMVs in the plant, enabling them to contribute to plant colonization but avoiding the conflict that otherwise would arise in acquisition by insect vectors.
Materials and Methods
Bacterial Strains and Culture Conditions. The bacterial strains used in this work are described in SI Materials and Methods and are listed in Table S1 . X. fastidiosa Temecula1 is the WT strain, and KLN59.3 is its gfp-marked derivative (3). KLN61 (11) is a ΔrpfF strain, and KLN121 (12) is its gfp-marked derivative. The ΔxadA1 mutant was constructed by transforming the WT strain with a construct based on pFXFkan-based suicide vector (13) as described in the SI Materials and Methods. Kanamycin-resistant colonies were screened for deletion of xadA1 (PD0731) by PCR using primers listed in Table S2 .
X. fastidiosa strains were routinely grown for 5-7 d on periwinkle wilt (PW) medium (58) prepared with Gelrite (8 g/L) (PWG) at 28°C and then were collected, suspended in 10 mM KPO 4 (pH 7.4), and inoculated into PW, PD3 (58), or PIM6 broths to a desired initial cell density (usually to an OD 600 of 0.05). Kanamycin (50 μg/mL) was included as required. X. fastidiosa broth cultures were grown for 4-7 d at 28°C in a rotary shaker at 120 rotations per minute. E. coli BL21(DE3), P. aeruginosa PA14, and X. citri 306 were grown on lysogeny broth (10 g/L Bacto tryptone, 5 g/L yeast extract, 5 g/L NaCl) at 37°C and were transferred to either PD3 (E. coli and X. citri) or PIM6 (P. aeruginosa) for OMV determination.
Scanning Electron Microscopy. X. fastidiosa cells were removed from PWG plates and smeared on borosilicate coverslips or were cultured for 7 d in PD3 or 4 d in PIM6 broths in Falcon 50-mL conical centrifuge tubes (Fisher Scientific). To serve as a surface for cell attachment and biofilm development, a microscope glass slide was inserted inside the tube, and a borosilicate coverslip was fixed at the meniscus. The coverslips were detached carefully, and cell samples were processed as detailed in SI Materials and Methods before being sputter-coated with a thin (10-nm) layer of gold and analyzed in an FEI Quanta FEG 250 scanning electron microscope using 5 or 10 KV.
Deconvolution Microscopy. For deconvolution microscopy, the lipophilic fluorescent dye FM4-64 was used in combination with DAPI (as a nucleic acids dye) to differentiate between particles consisting of lipids only (OMVs) and particles consisting of both lipids and DNA (cells). X. fastidiosa was collected from PWG plates and smeared over borosilicate coverslips, fixed briefly with fire, and placed in flat-bottomed six-well tissue-culture plates (Becton Dickinson). FM-4-64 and DAPI (Molecular Probes) were diluted in 10 mM KPO 4 (pH 7.4) to final concentrations of 1 μg/mL and 0.2 μg/mL, respectively, and 1 mL of the solution was placed on each well. After 5 min of staining, each sample was washed twice with the buffer, and the coverslip was mounted immediately on a microscope slide. Immunolocalization of XadA1 was done using anti-XadA1 antiserum (35) as primary antibody and Alexa Fluor 594 goat anti-rabbit IgG (Life Technologies) antibody as secondary antibody. Briefly, heat-fixed cells on glass coverslips were incubated with a 1:1,000 dilution of the primary antibody in BSA-PBS (0.1% BSA fraction V in PBS, filtered sterilized) for 1 h at 37°C and then were washed three times with BSA-PBS. The cells then were incubated with the secondary antibody in BSA-PBS for an additional 1 h in the dark, washed again similarly, and then stained with DAPI as described above. DAPI, FM-4-64, and Alexa Fluor 594 fluorescence were captured using a filter-optimized set on an Applied Precision DeltaVision Spectris DV4 deconvolution microscope. Images were analyzed using Zeiss 510 software and subsequently processed using Adobe Photoshop. For deconvolution images, samples were imaged at 0.05-μm (50-nm) z-axis intervals.
Isolation of OMVs. X. fastidiosa was cultured for 7 d in PD3 or for 4 d in PIM6 broth, and cells were removed by centrifugation at 10,000 × g for 15 min at 4°C. The supernatant then was centrifuged at 38,000 × g for 1 h at 4°C. A portion of this supernatant was removed carefully and subjected to centrifugation at 150,000 × g for 4 h at 4°C. The resulting pellet containing OMVs was resuspended in 10 mM KPO 4 (pH 7.4) buffer and stored frozen at 4°C or −80°C until used in the attachment assays. A typical OMV preparation derived from 100 mL of bacterial culture was grown for 7 d in PD3; the OMV pellet formed after the ultracentrifugation steps was resuspended in 500 uL phosphate buffer.
OMV Enumeration by NTA. To determine OMV concentrations in bacterial culture broths and saps, cells and debris were removed by two cycles of centrifugation at 16,000 × g for 20 min each at 4°C, and the final supernatant was kept on ice. To assure complete cell removal, 5-μL aliquots were spotted onto PD3 plates and allowed to grow for 14 d. The OMV concentration was determined by NTA using a NanoSight LM10 system (NanoSight Fig. 6 . X. fastidiosa OMVs fine-tune surface adhesiveness in planta. X. fastidiosa WT releases OMVs containing XadA1 within xylem vessels. Cells are present in relatively low concentrations in xylem vessels where DSF would not have accumulated. A ΔrpfF mutant incapable of DSF production would release higher numbers of OMVs, which, by binding to the walls of xylem vessels, would reduce the ability of X. fastidiosa cells to bind to the plant, thereby facilitating movement through the plant and thus contributing to virulence.
Ltd.) configured with a 405-nm laser and a high-sensitivity digital camera system. Videos were collected and analyzed using the NTA software (version 2.3), with the minimal expected particle size, minimum track length, and blur setting all set to automatic. Camera sensitivity and detection threshold were set to 14. Ambient temperature ranged from 20 to 22°C. Samples were diluted in 0.22-μm filtered PBS (pH 7.4) to a concentration of 10 8 -10
9 particles/ mL. For each sample, three videos of 30-60 s duration were recorded, with sample mixing between recordings. Technical and biological replicates were averaged and plotted using Microsoft Excel. The OD 600 of aliquots of the starting bacterial culture were measured; 10-fold serial dilutions were plated on PWG medium, and colonies were counted after 7-10 d to determine the number of cfu/mL. Then the numbers of OMV/mL were normalized for the cell concentration to yield the number of OMVs per cell.
Immunodetection of XadA1. Immunodetection of XadA1 on cell lysate fractions separated by SDS/PAGE was performed as described in SI Materials and Methods using anti-XadA1 antiserum (35) and HRP-conjugated anti-rabbit IgG secondary antibody (1:5,000; Promega) as a secondary antibody followed by chemiluminescent detection.
Quantitative Reverse-Transcription PCR. XadA1 transcript levels of WT and of ΔrpfF (KLN61) X. fastidiosa strains were determined by quantitative RT-PCR performed as described in SI Materials and Methods.
Attachment Assays. Borosilicate glass coverslips previously sterilized in 80% ethanol were placed in six-well microtiter plates and submersed in 1-mL suspensions of OMVs diluted 1:1 in PIM6 broth (or in PIM6 alone as control) for 1 h before rinsing; then a suspension of X. fastidiosa Temecula1 WT cells (10 8 cells/mL) was added. After 1-h incubation at 28°C, coverslips were rinsed three times with PIM6 to remove unbound cells; then cells were stained and mounted on microscopy slides and inspected by deconvolution microscopy using various magnifications, as described above. Staining with FM4-64 (1 μg/mL) was used to verify surface coverage by OMVs (magnification, 1,000×). Cells were visualized by staining with DAPI. Attachment parameters of cells to coverslips were quantified by analyzing the microscopic images taken at 20× magnification using ImageJ software (59) . The amount of attachment of X. fastidiosa cells to glass surfaces was calculated as the percentage of the total pixels in a field of view exhibiting DAPI fluorescence; coverage of the glass surfaces treated with OMVs was normalized by that by cells on paired non-pretreated glass surfaces. The number of sites in a field of view in which one or more X. fastidiosa cells had adhered to the glass surface was counted and normalized for the number of such sites on non-pretreated glass slides. Fisher's least significant difference (LSD) test was performed to compare samples, evaluated at P < 0.05.
Hindwings of Homalodisca vitripennis were washed twice in 80% ethanol, dried, and stored at 4°C until use. Hindwings were submersed for 1 h in 1-mL suspensions of OMVs prepared as above (or in PIM6 alone as a control); then a suspension of gfp-marked X. fastidiosa KLN59.3 cells was added. After 2-h incubation at 28°C, wings were rinsed three times with PIM6 to remove unbound cells. Wings then were mounted on microscopy slides, and the number of GFP fluorescent cells was determined by epifluorescence microscopy as described previously (9) . When a non-gfp WT strain was used, cells were stained after the washing step with Syto 9 (Molecular Probes). Appropriate dilutions of wing macerates also were plated on PWG to determine the number of adhering cells (16) .
Attachment of X. fastidiosa to plant tissues was assessed by measuring the retention of cells introduced into grape stems (Fig. S4B) . OMV suspensions (25 μL) in 10 mM KPO 4 buffer (pH 7.4) or PIM6 medium or control solutions of buffer or PIM6 alone were introduced into the end of fresh, detached stem segments (4 cm long and 0.6 cm in diameter) of Thompson Seedless grape (Vitis vinifera) using a 5-mL syringe attached to Nalgene 180 PVC tubing (diameter ca. 0.6 cm) that connected the syringe barrel to the basal end of the stem segment. The stem segments and attached syringes were incubated at 28°C for 2 h. After incubation the segments were flushed gently with 5 mL of KPO 4 buffer to remove unattached OMVs, and 25 μL of a suspension of strain KLN59.3 (10 8 cells per mL) was introduced, as described above. After 2 h bacterial cells were flushed from the stem segment as described above, and the number of cells removed by flushing was enumerated by plating appropriate dilutions on PWG medium as described above. The stems then were surface sterilized with 80% ethanol and macerated in 5 mL of KPO 4 buffer using a Pro Scientific PRO200 homogenizer, and appropriate dilutions of macerates were plated on PWG containing kanamycin to determine the numbers of attached bacterial cells. The fraction of attached bacterial cells was calculated from the total number of cells introduced into the stem segment (sum of unattached and attached cells). In some assays, cells of X. fastidiosa were mixed with and introduced simultaneously with 25-μL aliquots of OMV suspension rather than being introduced after the introduction of OMVs. All other subsequent procedures were performed as described above.
Extraction of Xylem Sap. Xylem sap was extracted from mature plants of Thompson seedless grapevine showing symptoms of Pierce disease 10 wk after inoculation with the WT, ΔrpfF (KLN61), or ΔxadA1 X. fastidiosa strains or from uninoculated plants using a pressure chamber as described previously (16) .
Construction and Use of a Microfluidic Chamber. A spin-coated photoresist wafer mold was purchased from the McGill University Advanced Nano Design Applications Facility. A poly(dimethylsiloxane)-borosilicate glass chamber containing observation channels of 50 × 100 μm were built as described in ref. 60 . For cell-surface attachment assays, a modification in the procedure described in ref. 61 was performed. The chamber was filled initially with a flow medium consisting of a 1:1 mixture of PW broth medium and PBS (pH 8). The chamber then received 100 μL of a suspension (10 7 cells/mL) of strain PKLN59.3 previously incubated for 30 min with the same volume of a pure OMV suspension obtained as described above or with PBS alone. Unbound cells were washed away by slow-flowing medium at 3 mm/s, and 18-46 cells were left in the observation field in each run. After 10 min under the initial flow condition, the remaining bound cells were photographed and tracked individually during subsequent 10-min steps in which flow speeds were increased from 3 to 300 mm/s. At the end of each interval cells were photographed and counted. Cell counts were plotted in Microsoft Excel, and statistical significance between differences of treatment and control was determined at P < 0.02.
